Fedorenko E, Fillmore P, Smith K, Bonilha L, Fridriksson J. The superior precentral gyrus of the insula does not appear to be functionally specialized for articulation. J Neurophysiol 113: 2376 -2382, 2015. First published January 28, 2015 doi:10.1152/jn.00214.2014.-Broca (Broca P. Bull Soc Anat Paris 36: 330 -357, 1861 influentially argued that posterior left inferior frontal gyrus supports speech articulation. According to an alternative proposal (e.g., Dronkers NF. Nature 384: 159 -161, 1996; Wise RJ, Greene J, Buchel C, Scott SK. Lancet 353: 1057-1061, 1999; Baldo JV, Wilkins DP, Ogar J, Willock S, Dronkers NF. Cortex 47: 800 -807, 2011), a region in the anterior insula [specifically, the superior precentral gyrus of the insula (SPGI)] is the seat of articulatory abilities. Moreover, Dronkers and colleagues have argued that the SPGI is functionally specialized for (complex) speech articulation. Here, we evaluate this claim using individualsubject functional MRI (fMRI) analyses (e.g., Fedorenko E, Hsieh PJ, Nieto-Castanon A, Whitfield-Gabrieli S, Kanwisher N. J Neurophysiol 104: 1177Neurophysiol 104: -1194Neurophysiol 104: , 2010. We find that the SPGI responds weakly, if at all, during articulation (parts of Broca's area respond 3-4 times more strongly) and does not show a stronger response to higher articulatory demands. This holds regardless of whether the SPGI is defined functionally (by selecting the most articulation-responsive voxels in the vicinity of the SPGI in each subject individually) or anatomically (by using masks drawn on each individual subject's anatomy). Critically, nonspeech oral movements activate the SPGI more strongly than articulation, especially under the anatomical definition of the SPGI. In line with Hillis et al. (Hillis AE, Work M, 
reported a lesion overlap study where all patients with chronic apraxia of speech, a motor planning disorder characterized by articulatory difficulties (Ogar et al. 2005) , showed damage to the superior precentral gyrus of the left insula (SPGI; cf. Mohr et al. 1978; Hillis et al. 2004; Davis et al. 2008; Richardson et al. 2012) . Dronkers thus argued that the SPGI is critically engaged in, and functionally specialized for, articulatory coordination. Later, Dronkers and colleagues additionally suggested that the SPGI is especially important for complex articulatory movements (Ogar et al. 2006; Baldo et al. 2011) .
Several subsequent neuroimaging studies have reported activation within the insula for articulation tasks (e.g., Wise et al. 1999; Riecker et al. 2000a Riecker et al. , 2005 Riecker et al. , 2008 Bohland and Guenther 2006; Moser et al. 2009 ), with at least one reporting activation specifically in the SPGI (Bohland and Guenther 2006) , thus corroborating the role of parts of the insula in articulatory processes. One thing that these and other functional MRI (fMRI) investigations of articulation (e.g., Brown et al. 2009; Peeva et al. 2010; Grabski et al. 2012 ) have made clear is that articulation is not spatially restricted to the SPGI, or any other single brain region, but rather engages a number of cortical, subcortical, and cerebellar regions (see Kent et al. 2000 , for a review of cortical and subcortical dysfunctions that may give rise to speech motor deficits). In fact, several studies did not find activation in the anterior insula while reporting activation in other brain regions (e.g., Riecker et al. 2000b; Price et al. 2003; Bonilha et al. 2006) , although a failure of a region to emerge in a group analysis does not necessarily imply lack of its engagement (e.g., Nieuwenhuis et al. 2011; Nieto-Castañon and Fedorenko 2012) .
The fact that the SPGI is not the only brain region engaged in articulation (e.g., Duffy 2005; Bohland and Guenther 2006) does not diminish this region's potential importance for articulatory processing. On the other hand, a discovery that the SPGI is not functionally specialized for (complex) articulation, contra Dronkers (1996) and Baldo et al. (2011) , would fundamentally alter the hypotheses we entertain about the possible computations conducted in this region. This question is especially important given that the anterior insula is among the most common foci of activation across a wide range of fMRI studies (Yarkoni et al. 2011) ; thus any claim about some part of the anterior insular cortex being functionally specialized for some mental function requires serious scrutiny.
In the current study, we used a functional localization fMRI approach, which has been shown to be more sensitive than traditional group analyses (e.g., Nieto-Castañon and Fedorenko 2012) , to ask three questions: 1) is the SPGI engaged in complex articulatory movements; 2) does the SPGI respond reliably more strongly to complex than simple articulatory movements; and critically, and 3) is the SPGI functionally specialized for articulation?
To address our research questions, we designed several overt motor imitation tasks. The first directly targeted articulation and thus served as our "localizer" task. It included the production of easy-to-articulate and harder-to-articulate pseudowords, as described below. The other tasks shared some features with articulation and were designed to probe the degree of functional specificity of the SPGI. They included vowel production, nonspeech oral movements, and respiration. Vowel production is a motor speech task but has only minimal articulatory requirements (e.g., Shankweiler et al. 1968) . Nonspeech oral movements share many features with speech articulation but have been shown to rely on distinct patterns of muscle control both in healthy adults (e.g., Ostry and Flanagan 1989; Smith 1992; Ostry and Munhall 1994; Moore and Ruark 1996) and individuals with neurological impairments (e.g., LaPointe and Wertz 1974; Dworkin and Aronson 1986; McHenry et al. 1994; Theodoros et al. 1995; Thompson et al. 1995a,b; Ziegler 2003a,b,c; cf. Ballard et al. 2003; see Bunton 2008 , for a review). Although several prior studies have compared neural responses to articulation and nonspeech oral movements (e.g., Wildgruber et al. 1996; Riecker et al. 2000b; Bonilha et al. 2006; Sörös et al. 2006; Dhanjal et al. 2008) , none have focused on the SPGI, the only region that has been explicitly argued to be functionally specialized for articulatory control. Finally, speech production requires complex coordination of respiratory processes, and it has been suggested that the insula may play a role in this coordination (Ackermann and Riecker 2010) .
We additionally included a spatial working memory task to test whether responses to articulation in the anterior insula may be due to responses to any demanding task. In particular, the anterior insula has been previously reported to be active across a wide range of manipulations, plausibly due to this region being part of the domain-general fronto-parietal cognitive control, or "multiple-demand," network (e.g., Duncan and Owen 2000; Duncan 2010; Fedorenko et al. 2013) . The regions of this network participate in many goal-directed behaviors and are robustly activated by working memory manipulations (e.g., Fedorenko et al. 2013) . The inclusion of this task thus allows us to distinguish between the alleged articulation-responsive portions of the anterior insula and its domain-general portions.
MATERIALS AND METHODS
Participants. Twenty right-handed native speakers of English (19 females; mean age ϭ 26) from the University of South Carolina and surrounding community volunteered for the study. When applicable, they received course credit for participating. All participants gave informed consent in accordance with protocols reviewed and approved by the Institutional Review Board at University of South Carolina and were naïve to the purposes of the study.
Design, materials, and procedure. For all the tasks except for spatial working memory, participants viewed 2,500-ms-long video clips of a female actor (native English speaker) and were asked to imitate each action (during the subsequent 2,500 ms) in a blocked design. The clips were created so that the duration was as close to the 2,500 ms as possible, and some behavioral piloting of the tasks suggested that participants generally follow the timing closely in their imitations. Each block included four trials and lasted 20 s. The sound was delivered via Resonance Technology's MRI-compatible Serene Sound headphones.
For the articulation task, 72 bisyllabic pseudowords were used: the second syllable was always a simple consonant-vowel (CV) syllable (e.g., f , si, gɒ), and the first syllable varied between the hard and the easy condition. The hard condition included phonotactically legal consonant clusters, including many that require fast transitions between articulator positions, and took the form of CCVCC syllables (e.g., kru:rd, dreIlf, sfi:lt), and the easy condition included no clusters and took the form of CV syllables (e.g., mɔ:, koI, reI). For example, sample items in the hard condition sounded like snoIrb-g or kweIpski, and sample items in the easy condition sounded like lɔ:-k or gu:mɒ (a complete list of the pseudowords is available from the authors upon request).
1 Participants completed two 460-s-long runs, each containing nine blocks per condition and five fixation blocks. Comparison tasks used 10 tokens each of vowels (e.g., i: as in feet), nonspeech oral movements (e.g., pucker of the lips), or respiration sequences (e.g., inhale slowly then exhale quickly; see APPENDIX for a complete list of the materials). Each trial (2,500 ms) included a single vowel, oral movement or respiration sequence. The oral movements and respiration conditions did not involve phonation. Participants completed three 480-s-long runs, each containing six blocks per condition and six fixation blocks.
For the spatial working memory task (Fedorenko et al. 2013 ), participants saw a 3 ϫ 4 grid and kept track of four or eight locations in the easy and hard condition, respectively, in a blocked design. At the end of each trial, participants had to choose the grid with the correct locations in a two-alternative forced-choice question. Each block included four trials and lasted 34 s. Participants completed two 404-s-long runs, each containing five blocks per condition and five 16-s-long fixation blocks.
Condition order was counterbalanced across runs and participants for all tasks. The entire scanning session lasted ϳ1.5 h.
fMRI data acquisition. Structural and functional data were collected on a whole-body 3 Tesla Siemens Trio scanner with a 12-channel head coil at the McCausland Center for Brain Imaging. T1-weighted structural images were collected in 192 axial slices with 1-mm isotropic voxels [repetition time (TR) ϭ 2,250 ms, echo time (TE) ϭ 4.2 ms]. Functional, blood oxygenation level-dependent (BOLD) data were acquired using an EPI sequence (with a 76 degree flip angle), with the following acquisition parameters: 31 3.75-mmthick near-axial slices acquired in sequential order (with 25% distance factor), 2 ϫ 2 mm in-plane resolution, field of view (FoV) ϭ 208 ϫ 20 8 mm, A Ͼ P phase encoding, TR ϭ 2,000 ms, and TE ϭ 30 ms. The first 8 s of each run were excluded to allow for steady state magnetization.
fMRI data analyses. MRI data were analyzed using SPM5 and custom MATLAB scripts (available from the first author). Each subject's data were motion corrected. Then the data were preprocessed in two different ways: for most analyses, the data were normalized into a common brain space (the Montreal Neurological Institute, MNI template), but for the analysis that used individually defined anatomical ROI masks the data were analyzed in native space. Finally, the data were resampled into 2-mm isotropic voxels and smoothed using a 4-mm Gaussian filter, high-pass filtered (at 200 s).
ROIs were defined anatomically or using a combination of anatomy and functional data in each individual participant. For functional definitions, we used the hard articulation Ͼ fixation contrast in the localizer task to pick out voxels that are most sensitive to articulatory demands. To ensure that we captured the region in question, we defined the SPGI in three different ways, as described next.
First, we used the mask of the SPGI hand-drawn in the MNI space by Dronkers and colleagues (size: 79 voxels; Fig. 1A ). This mask was intersected with each individual subject's activation map for the hard articulation Ͼ fixation contrast: voxels within each mask were sorted based on their t-values, and the top 10% of voxels were chosen as that subject's functional region of interest (fROI). Given the small size of this mask, individual fROIs are only 7 voxels in size. However, the observed response pattern (see RESULTS) was similar even when no subject-specific functional masking was used, i.e., when the same set of 79 voxels were used in each participant.
Second, we created a spherical mask of the SPGI by taking the peak coordinate from Dronkers (1996), {Ϫ41, Ϫ2, 10} and drawing a sphere around it with a radius of 10 mm (size: 515 voxels; Fig. 1B ). This mask was intersected with each individual subject's activation map for the hard articulation Ͼ fixation contrast, as described above. Thus, individual fROIs are 51 voxels in size under this definition.
Third, the SPGI was defined manually on each individual subject's anatomy (e.g., Nieto-Castañon et al. 2003 ; Fig. 2 ). This manual delineation was performed by one of the authors (L. Bonilha), who is a neurologist with special training in quantitative neuroanatomy (e.g., Fig. 1 . The anatomical region of interest (ROI) masks, shown on 3 sample slices on the Montreal Neurological Institute (MNI)152 brain template: A: superior precentral gyrus of the insula (SPGI) mask hand-created by Dronkers and colleagues. B: SPGI mask created by drawing a sphere (radius ϭ 10 mm) around the peak coordinate reported in Dronkers (1996) . C: opercular portion of the left inferior frontal gyrus (LIFG). Each mask was intersected with each subject's activation map for the hard articulation Ͼ fixation contrast, and the top 10% of voxels in each mask were taken as that subject's functional ROI. Fig. 2 . Subject-specific anatomical SPGI masks shown in sagittal view (native space) for 3 individual participants (A) and as a binary overlay map (MNI space; B), illustrating the variability across participants [the maximum overlap, n ϭ 16, occurred at MNI coordinates {Ϫ37, Ϫ2, 10}, which is remarkably close to the peak coordinate reported in Dronkers (1996) , i.e., {Ϫ41, Ϫ2, 10}]. Bonilha et al. 2004 ). The posterior short gyrus of the insula was identified on a sagittal slice, and its cortex from the middle point upwards was included in the ROI. This definition was based on the descriptions in the literature (Baldo et al. 2011 ) and the senior author's (J. Fridriksson) prior discussions with Dronkers and colleagues. These individual anatomical ROIs are 31 voxels on average (SE ϭ 2.9), varying between 6 and 55 voxels. No functional masking was used for this analysis, due to the small size of some of these ROIs.
To demonstrate that our localizer task produces robust responses somewhere in the brain, we examined the brain region originally hypothesized to support speech articulation ( For the analyses where functional masking was used, to estimate the responses to vowel production, nonspeech oral movements, and respiration, all the data from the localizer experiment were used for defining the fROIs. To estimate the responses to the conditions of the localizer task, we used an across-runs cross-validation procedure. In particular, each subject's activation map was computed for the hard articulation Ͼ fixation contrast using the first run, and the 10% of voxels with the highest t-value within a given ROI mask were selected as that subject's fROI. The response was then estimated using the second run. This procedure was repeated, using the second run for defining the fROI and the first run for estimating the response. Finally, the responses were averaged across runs to derive a single response magnitude for each condition in a given ROI/subject. This n-fold cross-validation procedure (where n is the number of runs) allows one to use all of the data for defining the ROIs and for estimating the responses (see Nieto-Castañon and Fedorenko 2012, for discussion), while ensuring the independence of the data used for fROI definition vs. response estimation (Kriegeskorte et al. 2009 ). Statistical tests across subjects were performed on the percent signal change values extracted from the fROIs as defined above.
RESULTS
Before asking our critical question of whether the SPGI is functionally specialized for articulation, we need to establish that this region responds during articulation. A further question is whether the SPGI responds more to complex than simple articulation, as has been argued by Baldo et al. (2011) . The results are shown in Table 1 and Fig. 3 (grey bars) . The fROIs defined using either of the two SPGI masks based on the definition of Dronkers ["SPGI" and "SPGIsph" (sph ϭ spherical) in Table 1 and Fig. 3 ] show significant, albeit small, responses to both the hard and easy articulation conditions relative to the low-level fixation baseline but no reliable difference between the two conditions (ts Ͻ 1.34). When using subject-specific anatomical SPGI masks ("SPGI subj-spec anat" in Table 1 and Fig. 3 ), responses to the two articulation conditions are not significantly different from the low-level baseline (t Ͻ 1), with no difference between the hard and easy articulation conditions (t Ͻ 1). Finally, in the LIFGop, a region originally implicated in articulation (Broca 1861 (Broca , 1865 Hillis et al. 2004) , we find large and robust responses to both articulation conditions and a highly reliable hard Ͼ easy articulation effect (P Ͻ 0.001). Effect for 3 contrasts (hard articulation Ͼ fixation, easy articulation Ͼ fixation, and hard Ͼ easy articulation) estimated in data not used for defining the functional regions of interest (ROIs) using across-runs cross-validation and using one-tailed paired-samples t-tests. Degrees of freedom ϭ 19. SPGI, superior precentral gyrus of the insula; sph, spherical; subj-spec anat, subject-specific anatomical; LIFGop, left inferior frontal gyrus region. Given that the SPGI shows some response to articulation, at least under the functional definitions (even though this response is about a third to a quarter of the size of that observed in the LIFGop fROI), we can ask whether the SPGI responds to articulatory processing in a functionally specific manner. If so, then it should be engaged only (or at least much more strongly) during articulation than during the other, nonspeech, conditions. The results are shown in Fig. 3 . All three conditions (vowel production, nonspeech oral movements, and respiration) produce some response in the SPGI, defined functionally (Ps Ͻ 0.05). In the subject-specific anatomical ROI analysis, responses to vowel production and respiration are not different from the low-level baseline (t Ͻ 1), but the nonspeech oral movements condition produces a large and significantly robust response (P Ͻ 0.0001). Thus, across the three ways of defining the SPGI, the nonspeech oral movement condition produces a response that is stronger than the two articulation conditions. This pattern provides evidence against a functionally selective engagement of the SPGI in articulation.
The response in the LIFGop fROI also does not look strongly selective for articulation, but the numerical pattern of responses is at least more consistent with a selective role in articulatory processing: the response is numerically the strongest to the two articulation conditions (with the harder condition producing a reliably stronger response than the easier condition, as discussed above); furthermore, the hard articulation condition produces a response that is reliably stronger than that produced by the vowels condition (P Ͻ 0.05, by a one-tailed paired-samples t-test), the nonspeech oral movements condition (P Ͻ 0.05), and the respiration condition (P Ͻ 0.01).
Finally, with respect to the question of overlap between regions sensitive to articulatory demands and regions sensitive to cognitive effort in general (e.g., Duncan 2010; Fedorenko et al. 2013) , the SPGI defined using the definition of Dronkers (SPGI and SPGIsph) does not respond much to spatial working memory (WM). When using subject-specific anatomical SPGI masks, we see some response to spatial WM, although the hard condition does not produce a reliably stronger response than the easier condition (t Ͻ 1). These results suggest that our localizer contrast (hard articulation Ͼ fixation) does not overlap much with the domain-general cognitive control or "multiple demand" network (Duncan 2010) in the vicinity of the SPGI, in spite of the fact that this network has a prominent component in the anterior insula/frontal operculum. We also see an above-baseline response to the two spatial WM conditions in the LIFGop fROI, but the response to these conditions is substantially and reliably (P Ͻ 0.001) lower than that elicited by the articulation conditions.
DISCUSSION
To summarize the key findings: in contrast to prior claims (e.g., Shuren 1993; Dronkers 1996; Donnan et al. 1997; Nagao et al. 1999; Wise et al. 1999; Nestor et al. 2003; Ogar et al. 2006; Baldo et al. 2011) , the SPGI, responds weakly, if at all, during articulation of even difficult-to-pronounce words and is not modulated by articulatory complexity. This is in contrast to the opercular portion of the left IFG, which shows a large and robust response during articulation and responds reliably more strongly during the more demanding articulation condition.
Critically, even when using the most sensitive methods available, functionally defining articulation-responsive regions in each participant individually (e.g., Nieto-Castañon and Fedorenko 2012) or manually defining the SPGI's anatomical boundaries in each individual brain (e.g., Nieto-Castañon et al. 2003) , the SPGI does not exhibit a functionally selective response for speech articulation (cf. Dronkers 1996) . Instead, under all definitions, it responds more strongly to the production of nonspeech oral movements, consistent with some prior fMRI studies that failed to observe speech selectivity in the anterior insula using traditional group-based analyses (e.g., Riecker et al. 2000b; Bonilha et al. 2006) .
How do we reconcile the lack of a strong and selective response to articulation in the SPGI in the current study with neuropsychological data linking the left anterior insula damage to apraxia of speech and with fMRI studies that have observed responses to articulation in the anterior insula? We argue that these earlier results are due to high base rates of ischemic damage (in cases of stroke) and activation (in fMRI studies) in the anterior insula, combined with a high probability of joint damage between the anterior insula and nearby brain structures that may be critical for speech production. Hillis et al. (2004) made this point clearly in their critique of Dronkers ' (1996) original lesion overlap study. They argued that although it may be the case that all patients with apraxia of speech have SPGI damage, this does not imply that the SPGI supports speech articulation. In particular, given the anterior insula's vulnerability to ischemic damage (Caviness et al. 2002; Finley et al. 2003) , there may be just as many, or more, patients with SPGI damage but no apraxia of speech. Hillis et al. (2004) examined the probability of apraxia of speech given damage to the SPGI and failed to observe a relationship between the SPGI damage (or insular damage more generally) and apraxia of speech, although they did observe a relationship between apraxia of speech and left posterior inferior frontal damage.
With respect to fMRI, Yarkoni et al. (2011) made a similar argument: a failure to control for base rates of activation in a brain region may lead to flawed inferences about this region's contribution to some mental process. In particular, although some parts of the anterior insula may quite consistently emerge in studies of articulation (e.g., Wise et al. 1999; Riecker et al. 2000a; Bohland and Guenther 2006; Moser et al. 2009 ), the link between the anterior insula and articulation may not be warranted, because this region is reported across many fMRI studies that do not target articulation (e.g., Duncan and Owen 2000; Duncan 2010; Fedorenko et al. 2013) .
To conclude, although we do not rule out that the SPGI, or other parts of the insula, may play some role in articulation, it does not appear likely that the SPGI is a core speech articulation region given its lack of a selective response and, under some definitions, any response, to articulatory demands (cf. Dronkers 1996; Wise et al. 1999; Ogar et al. 2006; Baldo et al. 2011) . In contrast, LIFGop, a region originally implicated in speech articulation (Broca 1861 (Broca , 1865 , showed a large and robust response to articulation, with a reliably greater response to the hard compared with the easy articulation condition. Furthermore, the response to the hard articulation condition in this region was slightly but reliably higher than the response to the vowels, nonspeech oral movements, and respiration conditions and much higher than the response to the spatial working memory conditions, suggesting at least some degree of articulatory selectivity. Thus LIFGop, but probably not the SPGI, should be probed further in future work on articulation, along with other regions that are engaged by articulatory demands (e.g., Duffy 2005; Bohland and Guenther 2006; Brown et al. 2009; Moser et al. 2009; Peeva et al. 2010; Grabski et al. 2012 ). Table A1 shows the materials used in the nonspeech conditions. 
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